In contrast, chemical cytotoxic responses detected in the standard and co-culture assays differed by 2 10-fold for 11-aminoundecanoic acid, benzo[a]pyrene, cytosine arabinoside, and 3-methylcholanthrene and differed by >2-fold for 2-acetylaminofluorene and dimethylnitrosamine. Detection of 11-aminoundecanoic acid-induced transformation was shown to be dependent on selecting treatment doses from the co-culture assay data. Thus, this method permits more accurate assessment of both chemical-induced cytotoxicity and transformation.
Introduction
The selection of test chemical treatment doses for the BALB/c-3T3 cell transformation assay depends upon results obtained from assessment of chemical cytotoxicity (1) (2) (3) . Three different procedures have been used to determine the cytotoxicity of chemical treatments: dye exclusion using trypan blue, a clonal survival assay using 200 wild-type (WT) cells (1, 2) , and a total cell count of chemical-treated versus control cell cultures in the transformation assay (4 chemical cytotoxic responses to be used for the transformation assay. The standard clonal survival assay accurately predicts the ability of a cell to survive a chemical treatment and replicate; however, this assay uses only 200 WT cells. Because the BALB/c-3T3 cell transformation assay uses either 1 x 104 (1, 5) or 3.2 x 104 cells/vessel (2, 6) , this assay does not measure the effect ofthe chemical on relative cloning efficiency (RCE) of cells in high density cell cultures (7) . The third assay measures the total number of cells surviving the chemical treatment, but it does not measure the RCE of cells surviving the treatment. Thus, this procedure does not distinguish a chemical that kills most of the cells in a culture and permits a few cells to grow rapidly from a chemical that kills only a few cells and permits most of the cells in the culture to grow at a slower rate. Therefore, all of the standard assay methods used previously to measure the cytotoxicity of chemical treatments to BALB/c-3T3 cells have limitations and inaccurately estimate chemical cytotoxic responses.
Accurate detection of the cytotoxicity of chemical treatments is also important in many other in vitro assays. Many different types of chemical-induced genetic toxicity in cultured mammalian cells are detected optimally only when chemical treatments were moderately cytotoxic to the target cells, including point mutations (8) and chromosomal aberrations (9, 10) . Similarly, chemical enhancement of transforming activities in adenovirus-7 infected Syrian hamster embryo virus enhancement (SHE/SA7) transformation assay (11) has been optimally detected only when chemical treatments were moderately cytotoxic to the cells. Because genetic lesions are initiated in a single cell, the procedure used to assess cytotoxic damage must accurately reflect the survival and growth of a single altered cell within a population of many cells. Malcolm et al. (12) This report describes the development of a co-culture clonal survival assay for use in the BALB/c-3T3 cell transformation assay. The OUAr locus was chosen for these experiments because the spontaneous occurrence of OUAr mutants has been reported to be about 1 x 107inWTcells (13) . Furthermore, it has been reported that there was no evidence for metabolic cooperation at the OUAr locus in another immortal mouse cell line (14) . Therefore, ouabain treatments of co-cultures of WT and OUAr cells should only be lethal for the WT cells. A portion of this work has been presented in abstract form (13) .
Materials and Methods

Cell Culture
The investigations in this report used the 1-13 clone of A31 BALB/c-3T3 cells (15, 16) . The materials and methods used to culture the cells have been previously reported in detail (2) and are summarized in part I of these investigations (17) .
OUA r BALB/c-3T3 Cells
The OUA' cells used in this investigation were derived from a pool of five different OUAr cell lines (13) . Equal numbers of the five cell lines were combined to generate this pool to avoid the possibility that one cell line might have had a metabolic capacity and phenotypic properties that were significantly altered from WT cells. Each OUAY cell line was isolated from an individual culture dish ofWT cells that had been treated with 1.5 ,ug/mL N-methyl-N-nitro-N'-nitrosoguanidine (MNNG) (Sigma Chemical Co., St. Louis, MO). MNNG induced a high frequency of OUAY variants of BALB/c-3T3 cells (13) , and these variants were selected using three weekly treatments with culture medium containing 2 mM ouabain. WT cells were killed by ouabain treatments . 0.3 mM. All five of these OUAY cell lines were shown to be phenotypically stable and resistant to 10 mM ouabain treatments (13) . In this study, a large pool of OUAY cells was cryopreserved, and an ampule of cells was thawed to initiate a cell culture. Cultures were passaged biweekly and used between passage 4 (p4) and p30. To prevent phenotypic reversion of the OUAY cells to the ouabain-sensitive (OUAS) phenotype, the cultures were fed every other passage with medium supplemented with 4 mM ouabain.
Standard Clonal Survival Assay
The standard clonal survival assay was used to a) estimate the cytotoxic activity of a test chemical, b) select treatment doses for the preliminary co-culture clonal survival assay, c) assess the reproducibility of the chemicalinduced cytotoxic responses, and d) determine the relative shift in test chemical cytotoxic responses between highand low-density cell cultures. The standard clonal survival assay using low-density cultures of BALB/c-3T3 cells was conducted according to our modification (2,6) of the method described by Kakunaga (1) . Briefly, 200 WT cells were seeded in either 60-mm culture dishes (or 25-cm2 culture flasks), and chemical treatment doses were applied to triplicate cultures for 48-hr beginning 2 days after seeding. After a total culture period of 8 days, the vessels were washed, fLxed in methanol, stained with Giemsa, and colonies of cells were hand tabulated according to the procedure described in part IV of these investigations (6).
Co-culture Clonal Survival Assay
This assay used a co-culture of 200 OUA" cells and 3.2 x 104 WT cells (2, 13) . The two cell types were trypsinized from cell cultures and seeded into the same culture vessels on the same day. In addition, 200 WT, as well as 200 OUAY cells, were seeded in triplicate culture vessels to determine the RCE of the two cell types. Two days after seeding, the culture vessels were treated 48 hr with chemicals, and the treatments were terminated as described above. Immediately after the last wash, the cultures were fed with medium supplemented with 4 mM ouabain. The ouabain-supplemented medium was added a second time 4 days later, and this medium remained on the cells for an additional 3 days. The prolonged selection period with ouabain was required because the cytotoxic effect of ouabain on high-density cultures of WT BALB/c-3T3 cells was relatively slow. After a total incubation period of 11 days, the culture vessels were fixed, stained, and OUA' colonies of cells were hand tabulated. The LD50 cytotoxic activity for individual chemicals was determined as described above.
Calculation of Cytotoxic Responses
The cytotoxic responses of test chemicals in the standard and the co-culture clonal survival assays were compared using the treatment dose concentration in millimoles that resulted in 50% clonal survival of chemicaltreated cells relative to untreated control cultures. This LD50 treatment dose was extrapolated from graphs of dose-related changes in cytotoxic activity of each chemical.
Transformation Assay
Chemical-induced transformation of BALB/c-3T3 cells was evaluated in a standard transformation assay protocol that has been reported in detail (2) and summarized in these investigations in part IV (6) . Briefly, each transformation assay contained three components: a standard clonal survival assay (2,6), a co-culture clonal survival assay (2, 6, 13) , and a transformation assay (2, 6 
Evaluation of Transformed Foci
The method used to evaluate transformed foci of BALB/ c-3T3 cells has been reported in detail (2) and is summarized in Part IV of this series (6) . Briefly, the number of type I-III transformed foci of BALB/c-3T3 cells were identified microscopically using published criteria (1, 5, (18) (19) (20) The procedures for handling test chemicals in this laboratory are described in detail in part IV of these investigations (6).
Statistical Methods
The method used to determine the distribution of spontaneous transformed foci of BALB/c-3T3 cells has been previously reported (2) and is described in detail in part I of these investigations (17) . The statistical significance of a chemical-induced transformation response was determined using the analysis ofvariance (F-test) and modified Student's t-tests (6) . The computations were performed using SAS software (19) .
Results
Relative (Table 2 ). This shift in cytotoxic response of BaP treatments detected in the standard assays using a low seeding density versus the coculture assay using a high seeding density cell cultures was examined in an extended series of 36 experiments. These experiments confirrned that BaP treatments of 0.20 and 0.0633 ptg/mL were far less cytotoxic in co-cultures of Table 2 ).
Cytotoxic Responses of 11 Chemicals in Standard and Co-culture Clonal Survival Assays
The data presented in Table 2 demonstrate that BaP was far more cytotoxic to low-density cell cultures than it was to high-density cell cultures. It is possible that the difference in BaP cytotoxic responses detected in the two assays is specifically related to an effect of BaP on WT cells. Alternatively, many different test chemical treatments might exhibit different cytotoxic responses in lowand high-density cell cultures. To resolve this question, 10 test chemicals were selected that had a wide range of cytotoxic responses to BALB/c-3T3 cells.
The data presented in Table 3 demonstrate that 6/11 chemicals had > 2-fold difference in their cytotoxic response detected in the two clonal survival assays (2-acetylaminofluorene, AAF; 11-aminoundecanoic acid, AMI; BaP; cytosine arabinoside, ARAC; dimethylnitrosamine, DMN; and 3-methylcholanthrene, MCA; Table 3 ). The cytotoxic response shifts ranged from 2.24-to 152-fold. The most cytotoxic of these five chemicals was BaP, with an LD50 treatment dose of 0.00050 mM detected in the co-culture clonal survival assay, and the least cytotoxic was DMN with an LD50 of 310 mM. Thus, there was nearly a six-log difference in the cytotoxic responses of BaP and DMN. In addition, the second largest cytotoxic shift (44-fold) was obtained with MCA. The LD50 treatment dose of MCA was 0.00093 mM in the standard assay and 0.0041 mM in the co-culture assay.
In contrast, 5/11 chemicals had < 2.0-fold difference in their cytotoxic responses detected in the two clonal survival assays (actinomycin D, ACTD; 5-bromo-2'-deoxyuridine, BUdR; dimethyl sulfoxide, DMSO; MNNG, and sodium chloride, NaCl; Table 3 ). The most cytotoxic of these five chemicals was ACTD, with an LD50 of 0.0000067 mM detected in the co-culture clonal survival assay, and the least cytotoxic was DMSO, with an LD50 of 400 mM. Thus, the cytotoxic responses of DMSO and ACTD were (Table 3) . Therefore, this chemical was chosen to be tested in transformation assays that selected four treatment doses based on the cytotoxic responses detected in either the standard or the co-culture clonal survival assays.
The AMI-induced cytotoxic and transformation responses detected in four experiments are presented in Table 4 . In the first experiment (trial 1) the treatment doses for AMI were chosen based on the dose-related cytotoxic response data obtained from the standard clonal survival assay (Table 4) In contrast to the results obtained in transformation assay trials 1 and 2, AMI was evaluated as active in trial 3 (Table 4 ). In trial 3, treatment doses of 2000 and 4000 Fg/ mL AMI induced significant type III focus transformation responses of 4.52 and 3.77 foci/vessel, respectively. Likewise, the 4000 p,g/mL AMI treatment dose induced a significant cytotoxic response of 28.9% RCE in the coculture clonal survival assay. Thus, AMI, as well as the positive control BaP, induced the highest transformation responses at a treatment dose that was determined to be cytotoxic in the co-culture clonal survival assay. In the repeat experiment (trial 4) using relatively high concentrations of AMI, both AMI and BaP induced significant transformation responses; however, the absolute magnitude of the transformation responses were both proportionately less than that observed in trial 3.
Taken together, it was imperative that the co-culture assay data be used to select treatment doses for the transformation assay. The standard clonal survival assay predicted that AMI treatments would be completely cytotoxic and result in 0% RCE over a dose range of 100-4000 ,ug/mL. In contrast, the co-culture assay predicted llAMI treatment doses were essentially noncytotoxic to the high-density cells for treatment doses < 2000 ,ug/mL.
Because AMI-induced transformation was detected at treatment doses between 2000 and 4000 ,ug/mL, only cytotoxic response data from the co-culture assay permitted the correct AMI treatment doses to be selected for the transformation assay. The mechanism by which some test chemicals induced different cytotoxic responses, or cytotoxic response shifts, in the standard and the co-culture clonal survival assays is unknown, and it was not the objective of this investigation. Nevertheless, the experimental data presented in this investigation demonstrate three important features that characterize the phenomenon. First, the cytotoxic shift was test chemical specific and unrelated to the relative cytotoxicity of the test chemical on WT BALB/c-3T3 cells. Only 6/11 test chemicals had cytotoxic shifts >2-fold, and the cytotoxic shifts varied from 2.24-fold for 2-acetylaminofluorene (Table 3) to 152-fold for 11-aminoundecanoic acid (Table 4) . AAF, BaP, ARAC, and MCA were all very cytotoxic to the cells and had cytotoxic shifts 2 2.0-fold; however, ACTD, BUdR, and MNNG were equally cytotoxic and all had cytotoxic shifts < 2.0-fold (Table 3) . Conversely, AMI and DMN were relatively noncytotoxic to the cells and had a shift >2.0-fold; however, the noncytotoxic test chemicals DMSO and NaCl did not have a cytotoxic shift.
Second, the differences in cytotoxic responses detected in the two clonal survival assays was a highly reproducible biological property of individual test chemicals. Cytotoxic response shifts in the two assays were observed for BaP in 36 consecutive experiments (Table 2) . Thus, the cytotoxic shift phenomenon was not obviously caused by an experimental parameter(s) that varied among experiments, such as the passage number of cultures or the ampule aliquot of cryopreserved cells used to initiate the cultures (20) .
Third, the six test chemicals with cytotoxic response shifts in the two clonal survival assays that were 2 2.0-fold included five chemicals that have structural alerts (AAF, ARAC, BaP, DMN, and MCA) and one chemical (AMI) without an alert (22) . In addition, three other chemicals that have structural alerts did not have a cytotoxic shift >2.0-fold, including ACTD, ARAC, and MNNG. Thus, the presence or absence of a cytotoxic response shift was not directly correlated with the presence of a known structural alert. Furthermore, the chemical with the largest cytotoxic shift of >152-fold, AMI (Table 4) , has no obvious pathways for either metabolic activation or detoxification.
Two explanations for the cytotoxic shift can be hypothesized based on the data obtained in this investigation. First, WT A31-1-13 BALB/c-3T3 cells have been reported to metabolically cooperate with one another in subconfluent cell cultures (23, 24) ; thus, these cells are capable of forming gap junctions and passing low molecular weight chemicals between cells. While subconfluent low-and highdensity cultures could form gap junctions, jap junction formation would be more efficient in cultures seeded with high (i.e., 3 x 104 cells/vessel) versus low (i.e., 200 cells/ vessel) seeding densities. Therefore, parent test chemicals and related metabolites could be hypothesized to pass more efficiently between cell gap junctions in relatively high-density cell cultures than in low-density cell cultures. Since the cytotoxic response of all the test chemicals was always less in the high-versus low-density cell cultures, then metabolic cooperation among chemical-treated BALB/c-3T3 cells could facilitate detoxification of test chemicals (25) . The detoxified metabolite of a test chemical could be less cytotoxic than the parent test chemical; thus, the cytotoxic response of the test chemical would be less in the co-culture versus the standard clonal survival assay. If metabolic cooperation among those cells had favored activation of select test chemicals, then cytotoxic responses of test chemicals would have been predicted to increase in high-density cell cultures. In the latter situation, the parent chemical would have been presumably activated into an electrophilic form which bound to DNA and would have most likely been more cytotoxic than the parent molecule.
The second hypothesis is that the cytotoxic response shift in high-verses low-density cell cultures is caused by a chemical-specific, mass culture effect on the metabolism of WT cells. According to this hypothesis, certain test chemicals, when applied to high-density cell cultures, reduce the capacity of the entire cell culture to either transport the test chemical or metabolize the test chemical and thereby reduce the cytotoxicity of the chemical. The mass culture effect has to be chemical specific because only a portion of the test chemicals exhibited the seeding densitydependent cytotoxic response shift.
In conclusion, the standard and the co-culture clonal survival assay have been routinely used to investigate the cytotoxic responses of over 200 test chemicals. The data from these experiments have been used to select test chemical treatment doses for the standard BALB/c-3T3 cell transformation assay, and these results are being reported separately (6, 26) . For those test chemicals with cytotoxic shifts > 2-fold, the co-culture clonal survival assay has been important for selecting the treatment doses that would most likely induce significant transformation of the WT cells.
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